Midgut tissue undergoes remodeling during metamorphosis in insects belonging to orders Lepidoptera and Diptera. We investigated the developmental and hormonal regulation of these remodeling events in lepidopteran insect, Heliothis virescens. In H. virescens, programmed cell death (PCD) of larval midgut cells as well as proliferation and differentiation of imaginal cells began at 108 h after ecdysis to the final larval instar (AEFL) and proceeded through the pupal stages. Expression patterns of pro-cell death factors (caspase-1 and ICE) and anticell death factor, Inhibitor of Apoptosis (IAP) were studied in midguts during last larval and pupal stages. IAP, Caspase-1 and ICE mRNAs showed peaks at 48 h AEFL, 96 h AEFL and in newly formed pupae, respectively. Immunohistochemical analysis substantiated high caspase-3 activity in midgut at 108 h AEFL. Application of methoprene, a juvenile hormone analog (JHA) blocked PCD by maintaining high levels of IAP, downregulating the expression of caspase-1, ICE and inhibiting an increase in caspase-3 protein levels in midgut tissue. Also, the differentiation of imaginal cells was impaired by methoprene treatment. These studies demonstrate that presence of JHA during final instar larvae affects both midgut remodeling and larval-pupal metamorphosis leading to larval/pupal deformities in lepidopteran insects, a mechanism that is different from that in mosquito, Ae. aegypti where JHA uncouples midgut remodeling from metamorphosis.
Introduction
Midgut remodeling is an important event in most of the holometabolous insects as the food habits of the life stages change dramatically. In most insects the midgut is either renewed or replaced completely during metamorphosis (Wigglesworth, 1972) . The replacement of midgut during larval-pupal transition is hormone dependent tissue remodeling event and has been studied only in Drosophila melanogaster, and a few species of mosquitoes Daish et al., 2004; Lee et al., 2002; Nishiura and Smouse, 2000; Wu et al., 2006) . Metamorphosis in insects is regulated by the changes in the titer of steroid hormone, 20-hydroxyecdysone (20E) and related molecules. A pulse of 20E at the end of the last larval stage triggers the onset of prepupal development. A second pulse of 20E initiates pupation (Riddiford, 1993) . The first pulse of 20E induces the expression of several transcription factors that play key roles in midgut remodeling (Jiang et al., 1997; Nishiura et al., 2005; Wu et al., 2006) . These ecdysone induced transcription factors also known as ''early genes,'' activate caspase-mediated programmed cell death (PCD) of larval midgut cells while small islands of diploid imaginal cells proliferate and differentiate to form the pupal/adult midgut.
In Lepidoptera, Uwo et al. (2002) showed that Galleria mellonella larval midgut undergoes PCD during larval-pupal metamorphosis and a pupal midgut epithelium was developed simultaneously. There is limited information on the hormonal regulation of midgut remodeling (Riddiford, 1972 (Riddiford, , 1975 . Also, thyroid hormone controls remodeling of the tadpole intestine during the climax of amphibian metamorphosis (Schreiber et al., 2005) . Complementary studies in these organisms revealed that midgut/intestine remodeling is conserved throughout evolution. Midgut remodeling in insects consists of two main events: PCD of larval midgut epithelium and proliferation and differentiation of imaginal cells to form pupal/adult midgut epithelium. Here we concentrate on the former aspect.
Programmed cell death is executed to remove obsolete larval tissues during larval-pupal transition through the process of apoptosis by a group of cysteine proteases called caspases. The activation of caspases is controlled at transcriptional level and several transcriptional factors such as Broad, E93, E74, E75 are involved in this 20E-mediated pathway (Baehrecke, 2000) . Hence, the core cell death machinery consists of caspases and related proteins and this protein signaling network is evolutionary well conserved . The balance between pro-and anti-death factors of the cell death machinery regulating PCD is controlled mainly by hormones (Adams, 2003; Baehrecke, 2000) . This caspasemediated PCD in larval salivary glands and midguts of D. melanogaster have been well characterized (Jiang et al., 1997; Lee et al., 2002; Cakouros et al., 2004; Daish et al., 2004; Kilpatrick et al., 2005; Chew et al., 2004; Waldhuber et al., 2005) . Recently, we have demonstrated the similar mechanism involved in PCD of midgut in Ae. aegypti (Wu et al., 2006) .
In lepidopteran insects, only two effector caspases have been reported. Caspase-1 resembles human caspase-3, its activation pathways and apoptotic signaling have been studied in more detail using cell lines (Liu and Chejanovsky, 2006; Liu et al., 2005; Pei et al., 2002) . The same is the case with another caspase, ICE reported from Bombyx mori (unpublished; Gen Bank Accession No. AY885228). The inhibitor of apoptosis (IAP) is an anti-death factor containing baculoviral IAP repeat (BIR) and inhibits apoptosis in a variety of organisms (Deveraux et al., 1998 (Deveraux et al., , 1999 Huang et al., 2001; Kaiser et al., 1998; Roy et al., 1997) . They play a crucial role in apoptotic pathway by directly interacting with caspases . The role of these caspases and IAPs executing PCD in larval tissues of the lepidopterans insect has not been studied so far.
Recently, we have reported the involvement of caspases, Dronc and Drice in the PCD of larval midgut and the delayed expression of these genes upon treatment with JH analog (JHA), methoprene in Ae. aegypti (Wu et al., 2006) . Methoprene interfered with metamorphosis only during pupal-adult transition irrespective of dose and time of application in this dipteran insect. Preliminary studies with lepidopteran insect, Heliothis virescens showed that methoprene rather blocked larval-pupal transition depending on the dose and time of application. It is interesting to study how these hormones regulate metamorphosis in these two evolutionarily diverged insect groups.
In this study, the morphological changes during midgut remodeling in H. virescens were studied using histological techniques. The expression patterns of mRNA for proand anti-cell death genes cloned from H. virescens were monitored in the midgut tissue using quantitative RT-PCR and their possible role in midgut remodeling are discussed. The midgut remodeling events were mapped using TUNEL assay. Immunohistochemistry using caspase 3 antibodies showed the presence of this caspase protein in larval tissues undergoing PCD. We used methoprene to mimic JH action to reveal whether JH uncouples the midgut remodeling from larval-pupal metamorphosis as observed in mosquitoes (Nishiura et al., 2005; Wu et al., 2006) . We demonstrate here that the presence of JHA during larval-pupal transition affects both midgut remodeling and larval-pupal metamorphosis in a dose-dependent manner leading to the formation of larval/pupal intermediates in H. virescens. This effect of JHA on midgut remodeling and metamorphosis in H. virescens is different from JH effects observed in mosquito, Aedes aegypti where JHA uncouples midgut remodeling from metamorphosis.
Results

Larval-pupal metamorphosis and the sensitivity to methoprene
To analyze the dose-response of final instar larvae to JHA, methoprene was administered topically at the concentration range of 0.5-100 lg/larva. The control larvae received only the carrier, cyclohexane. The treatment was given at 24 h AEFL and 84 h AEFL (when larvae stopped feeding and started to enter wandering stage). The treated and untreated larvae were classified into five groups based on their response to methoprene: (a) larvae fail to pupate and remain in the larval stage (monstrous larvae), (b) failure to pupate but unsuccessfully molt to another larval stage and die, (c) successfully pupate and remain alive, (d) molt to the pupal stage but malformed subsequently and die (e) emerged as healthy adults. These observations were made at À12, 0, 24, 72, 216 h after ecdysis to the pupal stage (AEPS), respectively, in accordance with cohort control larvae.
The sensitivity of H. virescens larvae to methoprene was high when administered at 24 h AEFL and responded in a dose-dependent manner (Fig. 1A) . At moderate to higher doses of 20-100 lg/larva, 90-100% of the larvae failed to pupate and remained as larvae. The sensitivity changed considerably at lower dose of 0.5-5 lg. Around 35% larvae received 5 lg of methoprene remained in the larval stage and about 8% larvae molted to extra larval instar. Out of 30% successfully pupated insects, 66% showed malformation and eventually died. About 3% of treated larvae developed to adult stage at this dose. However at 0.5 lg dose, more than 50% of larvae successfully pupated and 25% of these insects emerged as adults. There was 3% mortality in the controls and 97% of insects emerged as adults.
When methoprene was administered at 84 h AEFL, the sensitivity to methoprene reduced dramatically (Fig. 1B) . At higher doses of 50-100 lg/larva, 50% of larvae remained as larvae and died, while 25% of larvae molted to extra larval instar. Around 22% of larvae molted successfully to pupal stage but malformed and died. Interestingly, dose of 20 lg/larva caused high extra larval molt (45%) and 11% malformed pupae with no adult emergence. At 5 lg dose, 50% of larvae remained in the same stage while remaining pupated normally but adult emergence was delayed. Dosage of 0.5 lg at 84 h AEFL was ineffective allowing 50% of larvae to pupate and 78% of these insects emerged as adults. All the control larvae showed normal development with 95% adult emergence.
These data showed that the sensitivity of H. virescens larvae to methoprene decreases with age of the final instar larvae. 20 lg and 5 lg were LD 90 and LD 50 doses, respectively. Hence, the dose and treatment of 20 lg/larva at 24 h AEFL were used for subsequent experiments unless otherwise stated.
Midgut remodeling events and the effect of methoprene
Preliminary studies indicated that change in midgut remodeling in H. virescens coincided with the prepupal stages. In the final instar larvae, cessation of feeding occurs after 84 h AEFL followed by gut purge around 96 h AEFL. This wandering behavior marks the beginning of prepupal activities that span through borrowing and digging (BD) to prepupal (PP) stages. The morphology of midgut remodeling was studied by observing the whole-mounts at various time points (96-348 h AEFL) after treating with methoprene (0.5-100 lg /larva) at 24 h AEFL in comparison with control larvae. In control larvae, the formation of thin layered pupal/adult midgut and dissociation of larval gut were observed at BD stage. The larval gut undergoing PCD developed crimson colored pigmentation by PP stage. At 24 h AEPS, completely developed pupal/adult midgut becomes visible with movement of highly pigmented larval gut to the anterior region of midgut. The remnants of larval gut occupy the anterior peanut-shaped structure throughout the pupal stages and were excreted as meconium during adult emergence (data not shown). Methoprene affected midgut remodeling in a dose-dependent manner. At 20-100 lg doses, midguts of treated larvae showed no signs of larval gut undergoing PCD or formation of pupal/adult midgut at these doses (data not shown). This clearly indicates that moderate to higher dosages of methoprene completely blocks midgut remodeling. Larvae with midgut resembling to the larval midgut of early stages of final instar fail to pupate at higher doses even at 204 h AEFL and a few pupate (less than 3%) with a collapsed To assess the JH sensitive period of final instar larvae, methoprene application was done at 24 h AEFL (A) and at 84 h AEFL (B). The developmental rates were determined by observing the status of larvae at different time points after treatment and the data are grouped into five categories. See Section 2 for details. Control represents the group of larvae treated with the equivalent amount of carrier (cyclohexane) alone. The X-axes indicate the methoprene concentrations used and the Y-axes the percentage of insects pertaining to the described category. Twelve larvae were used in each treatment and the treatments were replicated three times. Means ± SD for the three independent experiments are shown. midgut leading to malformation and death at moderate doses. The effect of methoprene on midgut remodeling was less pronounced at 0.5-5 lg dose (data not shown).
The midgut remodeling events were delayed by 48-60 h in treated insects when compared to the untreated control insects. The delay in these events led to the presence of abnormal size of midguts even at 348 h AEFL. Thus, at lower doses, methoprene did not completely block midgut remodeling but delayed the whole process leading to malformed/abnormal sized pupae and lower adult emergence.
To critically analyze the progress of midgut remodeling in H. virescens, cross-sections (10 lm thick) of midguts from normal and methoprene-treated insects were cut and nuclear staining was performed using DAPI (Fig. 2 ).
In the normal insects, the midgut consists mostly of larval polytene cells with a few islands of imaginal diploid cells forming the periphery at 96 h AEFL ( Fig. 2A) . Around 108 h AEFL (=BD stage, 2B), the larval cells start separating from the midgut basement membrane and imaginal cells are arranged as a layer decorating around the separating larval cells supporting the integrity of midgut tissue. By 120 h AEFL (=CF stage, 2 C) most of the larval cells reach the lumen of the midgut with imaginal cells forming the territory throughout. Most of the larval cells fall into the lumen and imaginal cells are supported by newly formed muscle and tracheal cells at 144 h AEFL (=PP stage, 2D). In the pupa, at 180 h AEFL (=P24 stage, 2E), the larval cells in the lumen start disintegrating and muscle and tracheal cells are well developed. At 204 h AEFL (=P48 Fig. 2 . Progression of midgut remodeling events in H. virescens and the effect of methoprene. Cross-sections (10 lm thick) of normal (A-F) and methoprene-(a-f) treated midguts. Nuclear staining is by DAPI. The number at the bottom of the panels indicate the stage of the midgut dissected hours after ecdysis to final instar larvae and common to both normal and methoprene panels. The letter/number in parenthesis shows the developmental stage of the insect from which midguts were dissected and cross-sections were prepared and this labeling applies to normal panels only. When compared to normal insects (as described above), there is not much activity taking place in midgut tissue of methoprene-treated insects. The midgut consists mainly of larval cells and there are very few islands of imaginal cells. The structure of the midgut remains the same throughout the period of observation . The integrity of cells gets disturbed after 120 h AEFL (2d) and becomes severe in the subsequent days (2e-f). This might be due to failure of larvae to undergo pupation and development of sickness thereafter. However, the larval cells in methoprene-treated midguts never showed sign of separation from the basement membrane unlike the midgut in untreated control insects.
These issues were further studied by observing a portion of cross-section of midgut at a higher magnification (Fig. 3) . The larval cells showed large polytene nuclei, stained intensely, while imaginal cells showed smaller diploid nuclei. In the normal midgut, the separation of larval cells was apparent at 108 h (Fig. 3B ) and the distance from the imaginal cells increased as the time progressed. The imaginal cells were formed as early as 96 h AEFL and differentiated into a single complete layer at 180 h AEFL (=P24 stage, 3E). In methoprene-treated midguts, larval polytene cells remained intact throughout the period of observation. Though islands of imaginal cells are seen at 96 h AEFL as in normal midguts, they never proliferated and differentiated into a separate layer.
It is clear that PCD of larval cells and proliferation and differentiation of imaginal cells, the two major events of midgut remodeling, start during 108 h AEFL and progress through the pupal stages in the normal insects and these events were blocked in methoprene-treated insects. Thus, methoprene blocks PCD and impairs imaginal cell proliferation and differentiation resulting in persistence of larval midgut.
Mapping of PCD events by TUNEL assay
TUNEL assay labels only the fragmented DNA with fluorescent conjugated dUTP. The cross-sections (10 lm thick) of normal and methoprene-treated midguts were subjected to TUNEL reactions to reveal the occurrence of PCD (Fig. 4) . The larval polytene cells at 96 h AEFL Fig. 3 . Cellular changes during midgut remodeling in H. virescens. Transverse sections (10 lm, thick) of representative area of midguts of normal (panel I, A-E) and methoprene (panel II, a-e) treated insects. The numbers on top of the panels indicate the stage of the midgut dissected hours after ecdysis to final instar larvae and letter in parenthesis at the bottom of panel I denotes the developmental stage of the insect. The other symbols are as stated in the legends of Fig. 2 . The periphery of the midgut is arranged to the top/left side with lumen (LM) facing bottom/right side (A-E, a-e). In both the panels, larval cells (white arrow) are big polytene nuclei and imaginal cells (pink arrow head) are small diploid nuclei. The progression of midgut remodeling events is described in legends of Fig. 2 . In the normal midguts (panel I), the condensation of larval cell nuclei is observed at 96 h AEFL (A) and become more intense by BD stage (B). Fragmentation of larval cell nuclei is observed from CF stage (C-E). Separation of the larval cells from the imaginal cells is more apparent as evidenced with the distance of movement into lumen (B-E). In methoprene-treated midguts (panel II), intact larval polytene cells (white arrow) are present throughout the period of observation. The islands of imaginal cells (pink arrowhead) are seen but never differentiated as a single layer when compared to normal midguts even at 180 h AEFL. The integrity of cells is lost after 120 h AEFL. Scale bar: 50 lm.
were not stained with fluorescent labels indicating that PCD has not initiated yet (Fig. 4A) . TUNEL positive nuclei started appearing in the larval polytene cells beginning at 108 h AEFL corresponding to BD stage ( In the methoprene-treated midguts, no fluorescent signals were detected throughout the period of observation suggesting that none of the larval cells undergo PCD in the presence of methoprene (Figs. 4a-e) . TUNEL assay used here precisely marked the PCD events during midgut remodeling in H. virescens, commencing at prepupal stage in the larval midgut tissue, progressing through pupation and decreasing after pupation. These data suggest that methoprene blocks PCD and prevents the degeneration of larval midgut during metamorphosis.
Expression levels of PCD-related genes in H. virescens midgut
The developmental expression of mRNA of PCD-related genes, caspase-1, ICE and IAP of H. virescens were determined in midguts dissected from normal and methoprene-treated insects using quantitative real-time reverse transcriptase PCR (qRT-PCR, Figs. 5A-C) . Caspase-1 and ICE are pro-death genes while IAP is an anti-death gene. The expression of all these three genes was observed in midgut tissue but their developmental expression patterns were different suggesting the function of core celldeath machinery during midgut remodeling. The relative mRNA levels of these genes were quantified in normal insects starting from final instar larvae prior to ecdysis through pupal stages. The effect of methoprene on the expression of these genes were analyzed from 72 h AEFL to 204 h AEFL in treated insects coinciding with the timing of midgut remodeling in the normal insects.
Among the two caspases studied, the expression of caspase-1 was higher than that of ICE in midgut tissue isolated from both normal and methoprene-treated insects. Caspase-1 mRNAs were below detectable levels until 72 h AEFL and started to rise thereafter forming a peak at 96 h AEFL in normal insects (Fig. 5A) . The mRNA started declining through BD-CF stages, then became undetectable during PP stage and were very low after pupation. In methoprene-treated insects, caspase-1 mRNA levels were very low and showed two small peaks at 96 h and 168 h AEFL, but the level dropped below detection at 204 h AEFL (Fig. 5A ). ICE mRNAs were not detected until BD stage in the midguts dissected from normal insects. ICE mRNA levels started to increase during CF-PP stages and reached a maximum at P0 stage and declined after pupation. However, expression of ICE mRNA was below detectable levels in the midguts isolated from methoprene-treated insects (Fig. 5B) . Interestingly, the mRNA levels of anti-death gene IAP were higher even before ecdysis to the final instar larvae and showed a peak at 48 h AEFL and declined abruptly at 60 h AEFL (Fig. 5C ). The mRNA levels were very low throughout the later stages of final instar larvae until pupation and slightly increased after pupation. In methoprenetreated insects, IAP mRNA levels were high even during later stages of final instar larvae and declined slowly at 168-204 h AEFL (Fig. 5C ).
These gene expression patterns revealed that caspase-1 might play an important role in midgut remodeling in H. virescens larvae with high expression levels when compared to ICE. The expression of these two caspases is temporally regulated. It is also interesting to note that activation of caspases in midguts isolated from untreated insects occurs only after the total down regulation of anti-death gene IAP. Methoprene affects the expression of both caspases and IAP resulting in a block of PCD in larval midgut cells.
Methoprene blocks the appearance of caspase-3 protein in midguts
Caspase-3 antibody cross-reactive to mammals detected caspase-3-like proteins in the midgut tissues of H. virescens larvae (Fig. 6) . Cross-sections of midguts of normal insects (96 h AEFL -P48 stages) and methoprene-treated insects (96 h-204 h AEFL) were treated with anti-caspase-3 antibody. Cytoplasmic localization of caspase-3 was observed in large polytene larval cells only at BD stage of untreated insects (Fig. 6A ). Caspase-3 expression was not detected at other stages before or after BD stage of development (data not shown). Also, caspase-3 expression was not observed in methoprene treated midguts throughout the period of observation (Fig. 6B, 108 h AEFL) . Thus, methoprene blocks the appearance of caspase-3-like protein in the 
midguts of normal (A and B) and methoprene (C and D) treated insects at 108 h AEFL. Nuclear staining is by DAPI (A and C) and secondary antibody staining was done with anti-rabbit Alexa-488 conjugate (B,D). The letters in parenthesis indicate the stage of the normal insect midgut. Cytosolic expression of caspase-3 is observed in the condensing larval polytene cells (white arrow) undergoing PCD in the normal midgut at 108 h AEFL (B). No staining is observed in imaginary cells (pink arrowhead)
. Anti-caspase-3 does not recognize any capase-3 like proteins in the methoprene-treated counterpart (D). Also, caspase-3 expression is not observed in any other stages tested in normal (96 h AEFL, CF-P48 stages) and methoprene (96-204 h AEFL) (data not shown). Controls included sections of normal and methoprene-treated midguts exposed to only secondary antibody (data not shown). Scale bar: 50 lm.
midgut tissue leading to block of PCD of larval midgut cells resulting in persistence of larval midgut epithelium during metamorphosis.
Discussion
Midgut is one of the organs, besides the integument, wing, eye and legs, to undergo significant changes during larval-pupal transition and much is not known about the molecular and endocrinology of this organ except for a few reports (Jiang et al., 1997; Lee et al., 2002; Cakouros et al., 2004; Wu et al., 2006) . Until recently, it is believed that the larval-pupal metamorphosis in holometabolous insects is orchestrated by the ecdysteroid hormone, 20E (Riddiford, 1985) and the role of JH in growth control has been ascribed to the modulation of ecdysteroid action because of the decline in JH titers in the last larval stage (Riddiford, 1994) . Truman et al. (2006) showed that ecdysteroids are not required for the formation and early proliferation of discs of Manduca sexta and JH with other nutritional cues act independently of ecdysteriod action regulating the growth of organs during metamorphosis. Hence it is important to understand how these hormones interplay or act individually to regulate organ development during insect metamorphosis. Here, we discuss the hormonal influence of midgut remodeling events in H. virescens.
The major contribution of this paper is elucidation of developmental and hormonal regulation of midgut remodeling in a lepidopteran insect, H. virescens. Though only the second peak of ecdysteroid was determined in H. virescens (Dover et al., 1987) , based on ecdysteroid titers in other lepidopteran insects such as M. sexta (Riddiford, 1978; Webb and Riddifrod, 1988) and Choristoneura fumiferana (Palli et al., 2000) we assume that the first peak of ecdysteroid occurs around 72-84 h AEFL leading to the cessation of feeding, wandering behavior and midgut remodeling. One of the major events of midgut remodeling observed in this study is the degeneration of larval midgut by PCD. We report for the first time the expression of homolog of caspases in midgut of lepidopteran insect, H. virescens. Analysis of mRNA expression profiles of caspases in H. virescens midgut showed caspase-1 mRNA levels reach a peak at 96 h AEFL and remained high until CF stage (120 h AEFL). It is evident from our study that the separation of larval midgut occurred shortly after 96 h AEFL, i.e., BD stage and TUNEL positive cells started appearing among larval cells during this stage. Correlation of these events with caspase-1 expression suggests that caspase-1 might be involved in PCD of larval midgut leading to the marked event of separation of larval tissue from the basement membrane. Though lepidopteran caspase-1 is considered to be an effector caspase (Liu et al., 2005) , Spodoptera frugiperda (Sf) caspase-1 belongs to the Ced-3 subfamily which includes the proenzymes of ced-3, Mch2, Mch3, Mch4, Mch5 and Mch6 (Srinivasula et al., 1996) where in Mch4 and Mch5 are characteristic long N-terminal prodomain of initiator caspases (Fraser and Evan, 1996) . Interestingly, Sfcaspase-1 has a QACQG active site pentapeptide, identical to that of Mch4 and Mch5 (Fernandes-Alnemri et al., 1996) . Caspase-1 cloned from H. virescens in this study showed 89% amino acid identity with Sfcaspase-1 and hence it is likely that caspase-1 plays a key role in initiating PCD of larval midgut in H. virescens.
Another caspase, ICE mRNA was detected during the pupation coinciding with the later stages of PCD. From the expression profiles, it is clear that ICE acts downstream of caspase-1. Kilpatrick et al. (2005) showed that Drosophila ICE (DRICE) is a major effector caspase and a downstream target of DRONC, a ced-3 family caspase in the fly. This temporal regulation of caspase-1 and ICE in H. virescens suggests that these caspases carry out various functions in executing PCD of larval midgut. The control of the cell death machinery is achieved by the regulation of intracellular levels of the pro-and anti-death factors . IAP, anti-death factor, prevents PCD by inactivating caspases. Interestingly, in our study, the expression profile of IAP showed maximum level of expression until 48 h AEFL and the mRNA levels dropped to undetectable levels at 60 h AEFL well before the mRNA peak of caspases-1 at 96 h AEFL. This suggests that the presence of higher levels of IAP mRNA leads to higher levels of IAP protein during the early stages of final instar larvae resulting in blockage of caspase activation and once IAP levels goes down in the mid last larval stage, caspases are activated to execute PCD. Seshagiri and Miller (1997) showed that baculoviral IAPs are able to effectively block the activation of Sfcaspase-1 in Sf21 cells. Most of the homologues of insect IAP including the one we cloned from H. virescens contain BIR (baculoviral IAP repeats). Thus it is likely that differential expression of IAPs and caspases in H. virescens execute PCD effectively in midgut tissue.
Also, immunohistochemical analysis showed the cytoplasmic expression of caspase-3-like proteins in the larval cells that are undergoing PCD during the BD stage of development. Lepidopteran caspase-1 showed high homology to mammalian caspase-3 instead of caspase-1 (Ahmad et al., 1997) On correlating with mRNA expression level, the translation of caspase-1 protein might have commenced after the mRNA expression peak at 96 h AEFL. Also Uwo et al. (2002) determined caspase-3 activity in the midgut larvae devoid of yellow body of G. mellonella and showed the activity was recognized at stage II (corresponding to BD stage in H. virescens) suggesting that PCD probably started at the end of feeding stage or the beginning of wandering stage in this insect. However in H. virescens, the caspase-3 protein was not detected in the subsequent stages and this might be due to lack of cross-reactivity of human caspase-3 antibodies to all forms of caspases operative in the midgut tissue. All the PCD events discussed above are believed to occur in response to first ecdysteroid peak that occurs in the absence of JH. Application of methoprene blocked or delayed the PCD events in a dose dependent manner as seen in the whole-mounts of midguts. Cross-sections and TUNEL assays showed that at moder-ate dosage of 20 lg/larva, methoprene blocked PCD as well as separation of larval midgut from the basement membrane. At this dose, the expression of pro-death factors like caspase-1 and ICE are downregulated while anti-death factor, IAP levels are maintained high. Based on the developmental expression profiles of caspases and IAP, it is tempting to hypothesize that 20E plays an opposite role to JH, i.e., induces the expression of caspases and suppresses the expression of IAP. Experiments are in progress to test this hypothesis.
In the present study, application of methoprene blocked the differentiation of imaginal midgut cells in a dose-dependent manner. At higher to moderate doses, methoprene completely inhibited differentiation of imaginal cells in the midgut as observed with the whole-mount and crosssectional studies. A very few islands of imaginal cells are observed at 96 h AEFL but they never developed further until 192 h AEFL, well past the pupation stages of untreated insects. However at lower concentrations, the differentiation of imaginal cells is delayed though not completely blocked. At these doses, pupal/adult midgut is formed but delayed by 48-72 h. Riddiford (1972) showed that gut evacuation and the initiation of spinning was delayed or blocked by JH in Cecropia silkworm. Larvae received daily application of 1 lg of Cecropia C18-JH (JH-C) failed to empty its gut or to spin and showed no signs of pupal differentiation. Nishiura et al. (2003) observed in three different species of mosquitoes that at higher concentrations of methoprene, the midgut had many larval polytene cells but the number of diploid nuclei representing the imaginal midgut cells had not increased while at lower concentrations midguts had dispersed diploid cells and about 40% of midguts had the appearance of a control pupal midgut. We observed a similar inhibitory effect of methoprene on the differentiation of imaginal cells in the midgut of Ae. aegypti, though the effects of different doses were not studied (Wu et al., 2006) . Taken together these results indicate that the presence of methoprene impairs differentiation of imaginal cells of midgut in both insects, though the actual mechanism is not known. This is in accordance with the findings of formation of growth of late-forming discs like eye and leg suppressed by starved animals of M. sexta with high levels of JH and in animals treated with pyriproxifen, a JH analog (Truman et al., 2006) . Hence response of both midgut polytene larval cells undergoing PCD and diploid imaginal cells differentiating to pupal/adult gut to JHA is well conserved in Lepidoptera and lower Diptera. Presence of JH during the final larval instar stage hampers both these events in midgut remodeling during larval-pupal metamorphosis.
In the present study, application of methoprene to H. virescens final instar larvae affected both midgut remodeling and larval-pupal metamorphosis. The treated larvae failed to pupate or pupation is delayed until midgut transformation is initiated in a dose and time dependent manner. The midgut remodeling is coupled with the larval-pupal metamorphosis. This is contradictory to lower dipterans like mosquitoes, where in application of methoprene blocked only midgut remodeling but allowed all the treated larvae to pupate irrespective of the time and dose of application (Lan and Grier, 2004; Nishiura et al., 2003; Wu et al., 2006) . The effects of methoprene on both insects were same irrespective of mode of application (topical/oral) (data not shown). In this context, we argue that though midgut remodeling is conserved between Lepidoptera and lower Diptera as discussed earlier, the scenario changes when we correlate these events with larval-pupal metamorphosis and conclude that the divergence sets in when we consider the metamorphosis as a whole event. Further investigations on pupal commitment of midgut and the role of 20E, JH and other factors on midgut remodeling currently underway in our and other laboratories should provide further details in near future.
Materials and methods
Insect rearing
Laboratory cultures of Heliothis virescens larvae were reared on artificial medium of Vanderzant et al. (1962) and maintained at 25 ± 2°C under 16-h light-8-h dark photoperiodic regime. Staging of final instar larvae was done according to Webb and Dahlman (1985) . Briefly, the fourth larval ecdysis was timed and larvae molting within a period of 3 h were grouped together for staging. Approximately the fifth larval instar lasts for 6-7 days under the above rearing conditions. After 96 h AEFL, the burrowing and digging stage (BD) is characterized by purging of gut and burrowing of larvae into diet and this stage lasts for 12-15 h. In the cell formation stage (CF), around 120 h AEFL, the ocellar band disappears and ocellar pigment migrate away from ocelli. During pharate pupal stage (PP), shortening of the body length and annulation of abdominal segments occur and this stage spans around 132-144 h AEFL. The final instar larvae immediately after fourth larval ecdysis were staged for every 12 h before BD stage and used for experiments. For staging the fourth instar larvae the head cover slippage which occurs 12 h prior to fourth/final larval molt was considered and designated as À12 h AEFL. Pupae were staged as white pupa (P0) and 24, 48, 120 and 348 h after white pupa formation (P24, P48, P120 and P348, respectively).
Hormonal treatment
JH analog, methoprene (isopropyl (E,E)-(RS)-11-methoxy-3,7,11-trimethyldodeca-2,4-dienoate) was a gift from Wellmark International (Dallas, TX). Technical grade methoprene was dissolved in Cyclohexane (Sigma) and used at concentrations of 0.5-100 lg/larva. Methoprene was applied topically onto 2nd and 3rd thoracic segments. To test the window of sensitivity to methoprene, topical application was carried out at 24 h and 84 h after ecdysis into the final instar larval stage (AEFL). All untreated controls received equivalent amounts of carrier alone.
Preparation of whole-mount and cross-sections of midgut tissue
The midguts from larvae and pupae developed from untreated control and methoprene-treated insects were dissected in 1· PBS (phosphate-buffered saline), washed in 1· PBS twice and photographed under a dissection microscope (Zeiss , Diagnostic Instruments, USA) equipped with AxioCam MRC 5 using Axiovision 4.0 software. For cross-sections, the midguts were dissected in 1· PBS and fixed in 4% paraformaldehyde overnight at 4°C. After fixation and washing in 1· PBS twice, the midguts were dehydrated through a series of grades of ethanol (25, 50, 75, 95 and 100% in 1· PBS) , infiltrated through a series of grades of Xylene/Citrisolv (Fischer) (25%, 50%, 75% and 100% in ethanol) and finally embedded in three successive baths of Paraplast Plus (56°C, Tyco Healthcare). Paraffin sections were cut (10 lm thick, room temperature) using microtome (Leica RM 2135, Germany), mounted on poly-L-lysinated slides and dried at 42°C overnight. The slides were stored at 4°C in a dry atmosphere until used for the experiments. The sections were deparaffinized through successive baths of Xylene, rehydrated through serial grades of ethanol, water and 1X PBS. Nuclear staining was done with DAPI (4 0 ,6-Diamidino-2 phenyl indole, Sigma) at 1:1000 dilution of 1 mg/ml stock for 10 min. The slides were washed with 1· PBS twice and mounted with 50% glycerol. The sections were observed under Leica TCS-SP laser scanning confocal microscope and documented using Leica TCS software.
TUNEL assay
Sections of midguts isolated from normal and methoprene treated insects at different developmental stages were taken as described above. The TUNEL assay was carried out using In Situ Cell Death Detection Kit, Flourescein (Roche) as per the instruction manual with the following modification. For permeabilization, Proteinase K (20 lg/ml, Sigma, in 10 mM Tris, pH 7.5) treatment was done for 15 min. at 37°C followed by incubation with freshly made 0.3% Triton X-100, 0.1% sodium citrate solution. The sections were permeabilized for 10 min and exposed to TUNEL reaction mixture (50 ll/slide) for 60 min at 37°C. Control sections were exposed to only label solution without terminal transferase. Nuclear staining and mounting was done as mentioned above and the sections were visualized under a Leica TCS-SP laser scanning confocal microscope and documented using Leica TCS software.
Isolation of RNA and cDNA synthesis
Midguts from staged larvae and pupae were dissected into 1· PBS treated with DEPC. The midguts were homogenized in TRI reagent (Molecular Research Center Inc., Cincinnati, OH) and the RNA was isolated according to the manufacturer's instructions. Total RNA concentration and purity were assessed using Genequant (Pharmacia, Piscataway, NJ). Total RNA volume equivalent to 10 lg was treated with DNase I (Ambion, Austin, TX) in a 50 ll total reaction volume following the manufacturer's protocol. cDNA synthesis by reverse transcription was performed using 2 lg of DNase I-treated RNA and iScript cDNA synthesis kit (Biorad Laboratories, Hercules, CA) in a 40 ll reaction volume.
Cloning of PCD-related genes from H. virescens
Degenerative primers were designed from the available GenBank sequences of caspase-1, ICE, IAP of Drosophila melanogaster, Bombyx mori, Spodoptera frugiperda, Trichoplusia ni. Pooled cDNA from midguts were used as template for PCR amplifications. PCR conditions were: 95°C for 5 min followed by 35 cycles of 95°C for 60 s, 50-60°C for 60 s, 72°C for 60 s. PCR products of 150-200 bp were cloned in pGEM 
Real-time PCR
Real-time quantitative PCR was performed using MyiQ single color real-time PCR detection system (Biorad Laboratories, Hercules, CA). PCR reaction containing 1 ll of cDNA, 1 ll each of forward and reverse sequence specific primers (stock 10 lM,), 7 ll of H 2 O and 10 ll of supermix (Biorad Laboratories, Hercules, CA) was done in a total 20 ll volume. PCR conditions were: 95°C for 3 min followed by 45 cycles of 95°C for 10 s, 60°C for 20 s, 72°C for 30 s. The fluorescence spectra were recorded during the elongation phase of each PCR cycle.
Standard curves were obtained using a two fold serial dilution of pooled cDNA from all the stages. Cognate primers (Forward 5 0 -CCCGCCGTCATCGTGGTAA-3 0 ; Reverse 5 0 -CAGCCTCAACGA TCTCCTTC-3 0 ) for ribosomal protein were used as an endogenous reference gene. To distinguish specific amplicons from non-specific amplification, a melting curve was generated. Both the PCR efficiency and R 2 (correlation coefficient) value were taken into account prior to estimating the relative quantities. Relative expression levels of candidate genes were quantified using ribosomal mRNA levels as internal control. Mean and standard errors for each time point were obtained from the averages of three independent sample sets.
Immunohistochemistry
The midgut tissue sections prepared from different developmental stages of normal and methoprene treated individuals were taken as described above. After deparaffinization and rehydration, the slides were washed with 1· PBS for 5 min. For antigen unmasking, the sections were heated in 10 mM sodium citrate buffer (pH 6.0) for 1 min at full power followed by 9 min at medium power and cooled for 20 min. After washing with 1· PBS for three times, the sections were blocked with 1% normal goat serum for 1 h at room temperature. The sections were incubated with caspase-3 antibody (Cell Signaling Technology) at 1:100 dilutions for 2 days at 4°C. After washing with 1· PBS for three times, 5 min each, the sections were incubated with goat anti-rabbit Alexaflour 488 (Molecular Probes) overnight at 4°C. The sections were washed extensively in 1· PBS. Counterstaining was done with DAPI and mounted as mentioned above. The specificity of signals was checked by including controls without primary antibody treatment. The sections were visualized under a Leica TCS-SP laser scanning confocal microscope and documented using Leica TCS software.
